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Abstract

Polychlorinated biphenyls (PCBs) are persistent environmental pollutants 

implicated in the development of pro-inflammatory events critical in the pathology of 

atherosclerosis and cardiovascular disease.  PCB exposure of endothelial cells results in 

increased cellular oxidative stress, activation of stress and inflammatory pathways leading 

to increased expression of cytokines and adhesion molecules and ultimately cell death, all 

of which can lead to development of atherosclerosis.  To date no studies have been 

performed to examine the direct effects of PCB exposure on the vasculature relaxant 

response which if impaired may predispose individuals to hypertension, an additional risk 

factor for atherosclerosis.  Overactivation of the DNA repair enzyme poly (ADP-ribose) 

polymerase (PARP) following oxidative/nitrosative stress in endothelial cells and 

subsequent depletion of NADPH has been identified as a central mediator of cellular 

dysfunction.  The aim therefore was to investigate whether 2,2',4,6,6'-pentachlorobiphenyl 

(PCB 104) directly causes endothelial cell dysfunction via increased oxidative stress and 

subsequent overactivation of PARP.  Exposure of ex vivo rat aortic rings to PCB 104 

impaired the acetylcholine-mediated relaxant response, an effect that was dependent on 

both concentration and exposure time.  In vitro exposure of mouse endothelial cells to PCB 

104 resulted in increased cellular oxidative stress through activation of the cytochrome 

p450 enzyme CYP1A1 with subsequent overactivation of PARP and NADPH depletion.  

Pharmacological inhibition of CYP1A1 or PARP protected against the PCB 104-mediated 

endothelial cell dysfunction.  In conclusion, the environmental contaminants, PCBs, can 

activate PARP directly impairing endothelial cell function that may predispose exposed 

individuals to development of hypertension and cardiovascular disease.  



Page 3 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

3

1.  Introduction

Polychlorinated biphenyls (PCBs) belong to a class of widely dispensed and 

persistent environmental contaminants collectively referred to as halogenated aromatic 

hydrocarbons.  The commercial production of these compounds was banned at the end of 

the 1970s but PCBs continue to be a health problem partly due to their formation as 

industrial by-products but mainly because of their persistence in the environment and our 

food chain [1, 2].  The major source of exposure to PCBs in the general population is from 

dietary intake of contaminated foods that include fish, meat and dairy products.  

Epidemiology studies have demonstrated that cardiovascular diseases can be linked to 

environmental pollution.  Human exposure to PCBs for example, among Swedish capacitor 

manufacturing workers and the Italian population of Serveso (exposed to PCBs as a result 

of an industrial accident in 1976), has resulted in a detectable increase in cardiovascular 

disease [3].

Exposure to PCBs can lead to cardiovascular toxicity and atherosclerosis in animal 

models [4] as well as having a pro-inflammatory effect on endothelial cells [5].  PCB-

mediated dysfunction in the vascular endothelium has been linked to increased oxidative 

stress mediated through the activation of a cytochrome P450 oxidase, CYP1A1, following 

PCB activation of the Ah receptor [5-7] and mediated by caveolae signalling [8].  PCB-

mediated cellular oxidative stress leads to subsequent activation of stress kinases [9], 

increased transcription of NF-B [7], increased pro-inflammatory gene expression 

(cytokines, adhesion molecules) [10], disruption of endothelial cell barrier function [11], 

and endothelial cell apoptosis [12], all of which can lead to atherosclerosis [5, 13].
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   In the early 1980’s it was suggested that PCB exposure was linked to 

hypertension [14] and this has been confirmed with much larger population studies [15, 

16].  Hypertension is a contributing factor for development of atherosclerosis and though 

PCBs have already been shown to exert a pro-inflammatory effect on endothelial cells 

increasing the risk of developing atherosclerosis no studies on the direct effects of PCBs on 

endothelial cell function have been performed.  

Endothelial dysfunction is commonly associated with pathology of the 

cardiovascular system where overproduction of reactive oxygen and nitrogen intermediates 

in endothelial cells leads to DNA damage and overactivation of a DNA repair enzyme, poly 

(ADP-ribose) polymerase (PARP), representing a final common pathway in the 

pathogenesis of many cardiovascular diseases.  PARP activation has been implicated as a 

central mediator of endothelial cell dysfunction in a variety of disease states including 

diabetes [17, 18], atherosclerosis [19], ageing [20], doxorubicin-induced dysfunction [21]

and septic shock [22].

Therefore the aim of this study was to examine the direct effects of 2,2',4,6,6'-

pentachlorobiphenyl (PCB 104, Fig 1), an example of a highly ortho-chlorinated nonplanar 

PCB, on endothelial cell function and investigate whether increased cellular oxidative stress 

and activation of PARP is responsible for any deleterious effects.
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2.  Materials and Methods

2.1  Reagents

Acetylcholine, -naphthoflavone, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-

tetrazolium-5-carboxanilide (XTT), dicumarol, digitonin, dimethyl sulphoxide (DMSO), 

endothelial cell growth supplement, 7-ethoxyresorufin, heparin, 1-methoxy-5-

methylphenazinium, nitro blue tetrazolium (NBT), phenylephrine, resorufin, sodium 

dodecyl sulfate (SDS), sodium nitroprusside and thiazolyl blue tetrazolium bromide (MTT) 

were obtained from Sigma/Aldrich (Poole, UK). 3H-NAD was obtained from PerkinElmer 

Ltd. (Windsor, UK).  PJ-34 was purchased from Calbiochem (Nottingham, UK).  Hams 

F12 culture media, penicillin, streptomycin and fetal bovine serum (FBS) were obtained 

from Lonza (Nottingham, UK).  Sprague-Dawley rats used in the ex vivo studies were 

obtained from Charles River Laboratories (Kent, UK).  PCB-104 (purity 99.1%) was 

obtained from QMX laboratories (Essex, UK).  All other chemicals were of reagent grade 

and obtained from Fisher Scientific (Loughborough, UK).

2.2  Ex vivo

Thoracic aorta from male Sprague-Dawley rats (180-220g) were dissected and 

cleared of periadventitial fat and connective tissue. Rings of 2-3mm were cut and placed 

into Hams F12 medium supplemented with 3% FBS, endothelial cell growth supplement 

(0.03 mg/ml), heparin (50U/ml) and 1% penicillin and streptomycin.  PCB 104 was 

dissolved in DMSO to make a stock solution which was warmed to 37°C before being 

added to pre-warmed media at 37°C at the appropriate volumes to obtain concentrations of 

1, 3, 10 and 20 µM.  For the initial experiments rings were incubated with Hams F12 media 
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alone (control) or with PCB 104 1, 3 10 or 20µM, for 4 or 6h at 37°C with a 95% O2, 5% 

CO2 mix. Subsequent to these experiments rings were exposed to PCB 104 10µM in 

combination with inhibitors of CYP 1A1 (-naphthoflavone 0.3 µM) and PARP (PJ-34 

3µM) for 4h.

Subsequent to the relevant incubation the aortic rings were mounted in organ baths 

filled with warmed (37°C) and gas-equilibrated (95% O2, 5% CO2) Krebs solution 

containing (in mmol/L) CaCl2 1.6, MgSO4 1.17, EDTA 0.026, NaCl 130, NaHCO3 14.9, 

KCl 4.7, KH2PO4 1.18, and glucose 5. Isometric tension of the rings was measured with 

isometric transducers (DMT), digitised using PowerLab and displayed on a Macintosh 

computer. A preload tension of 1.5g was applied and the rings were equilibrated for 60 min, 

followed by measurements of the concentration-dependent contraction to phenylephrine 

(10-9 to 10-4 M) and in rings precontracted with phenylephrine (10-6M), relaxation to 

acetylcholine (10-9 to 10-4M) and sodium nitroprusside (10-12 to 10-5 M).

2.3  In vitro

Mouse aortic endothelial cells [17] were plated at a density of 250,000 cells per well 

in a 12 well plate and grown in Ham’s F12 media supplemented with 10% fetal calf serum, 

heparin (50U/ml) and 0.03 mg/ml Endothelial Cell Growth Supplement.  Following 24h the 

media was replaced and the cells treated with increasing concentrations of PCB 104 (1, 3, 

10 or 0 or 20 µM) for 2, 4 or 6h.  In a second set of experiments mouse endothelial cells 

were treated with 10 µM PCB 104 in combination inhibitors of CYP 1A1 (-

naphthoflavone 0.3 µM) and PARP (PJ-34 3µM) for 4h.  The following measurements 

were then determined.
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2.4  Oxidative stress

Cellular levels of oxidative stress were assessed by reduction of nitro blue 

tetrazolium (NBT) as previously described [23].  Briefly, mouse endothelial cells were 

grown in 12 well plates and incubated at 37 °C with PCB 104 ± pharmacological inhibitors 

for 2, 4 or 6h in the presence of 25 µg/ml NBT.  Following the incubation period the media 

was removed from the wells and replaced with 75% ethanol for 10 minutes then removed.  

The wells were then washed twice with 100% methanol followed by air-drying of the wells.  

The blue crystals were then solubilised in a mixture of potassium hydroxide and DMSO 

(5:6) before absorbance was measured at 700 nm and results expressed as a percentage of 

absorbance in untreated cells.

2.5  CYP1A1 activity

The activity of CYP1A1 was assayed by the o-dealkylation of ethoxyresorufin 

(EROD) [24].  Briefly, the media was removed and replaced with 250 µl fresh media 

containing 8 µM 7-ethoxyresorufin and 10 µM dicumarol for an additional 30 min 

incubation at 37 °C.   Following the incubation period 100 µl was removed and mixed with 

130 µl of absolute ethanol.  Resorufin-associated fluorescence was measured in a multiwell 

fluorescence reader, with excitation/emission wavelengths of 530/590 nm and compared to 

a resorufin standard curve.  Cellular protein was determined using the Bradford assay [25]

and results expressed as pmol resorufin/mg protein/min.
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2.6  PARP activity

PARP activity was measured as previously described [26].  Briefly, the media was 

removed and replaced with 0.5 ml HEPES (pH 7.5) containing 0.01% digitonin and 3H-

NAD (0.5 µCi ml-1) and the cells incubated for 20 min at 37°C.  The cells were then 

scraped from the wells and placed in an Eppendorf tubes containing 200 µl of ice-cold 50% 

TCA (w/v), the tubes were then placed at 4°C.  After 4h the tubes were centrifuged at 

1800g for 10 min and the supernatant removed, the pellet was washed twice with 500 µl 

ice-cold 5% TCA. The pellet was solubilized in 250µl NaOH (0.1M) containing 2% SDS 

overnight at 37°C, the PARP activity was then determined by measuring the radioactivity

incorporated using a Wallac scintillation counter.    The solubilised protein (250 µl) was 

mixed with 5 ml of scintillant (ScintiSafe Plus, Fisher) before being counted for 10min.  

Results are expressed as a percentage of the PARP activity observed in untreated cells.

2.7  NADPH depletion

Cell NADPH levels were determined as previously described [27].  Briefly, the 

media was removed and the cells washed with once with PBS before 100 µl of fresh media 

containing 0.5 mM 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide (XTT) and 20 nM 1-methoxy-5-methylphenazinium was added to each well.  

The plate was then incubated for 30 min and absorbencies were read at 450 and 670 nm.  

Results were expressed as a percentage of the absorbance observed in untreated cells.

2.8  MTT assay
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Cell viability was determined by the reduction of yellow MTT into a purple 

formazan product by mitochondrial dehydrogenases of metabolically active cells.  

Following the treatment period the experimental media was removed and 200 µl MTT (1 

mg/ml) added.  After 1h the MTT solution was carefully removed and the purple crystals 

were solubilized in 100 µl of DMSO.  The DMSO was transferred to an ELISA plate and 

absorbance measured at 550 nm with a 620 nm reference [26].  Results were expressed as a 

percentage of the absorbance observed in untreated cells.

2.9  Statistical analysis

Results are presented as mean±standard error of the mean (SEM).  Analysis of 

variance with Bonferroni’s correction or Student’s t-test was used to compare mean values 

as appropriate.  Differences were considered significant when p<0.05. 
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3.  Results

3.1  PCB 104 exposure results in dose- and time-dependent endothelial cell dysfunction

The effect of short-term exposure to PCB 104 on rat endothelial cell function was 

investigated by exposing aortic rings to PCB 104 1, 3, 10 or 20 µM for 2, 4 or 6h.  

Endothelial cell function was assessed by the ability of the endothelial cell to produce nitric 

oxide in response to acetylcholine and cause subsequent vascular smooth muscle cell 

relaxation.  

Acetylcholine-mediated relaxation of rat aortic rings is impaired following exposure 

to PCB 104 at 3, 10 or 20 µM (Fig 2a and b) for 4 or 6h.  There was a significant increase 

in the EC50 concentration of acetylcholine following PCB exposure as compared to 

untreated rings (Table 1), however though the mean EC50 increases both with higher doses 

and longer exposure time this did not reach statistical significance (Table 1). There was no 

effect on endothelial cell function following 2h exposure to PCB 104 at any of the three 

concentrations tested (data not shown).  In addition, exposure to 1 µM PCB 104 had no 

effect on endothelial cell function at any exposure time tested (data not shown). This 

impairment of endothelial cell function was both dose dependent and time dependent 

particularly at the higher, 10 and 20 µM, concentrations of PCB 104.  PCB 104 exposure 

had no effect on vascular smooth muscle contraction to phenylephrine or on relaxation in 

response to sodium nitroprusside (data not shown). 

3.2  PCB 104 exposure increases endothelial cell oxidative stress, CYP1A1 activity, and 

PARP activity while depleting NADPH levels.
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To investigate the mechanism by which PCB 104 may be causing cell dysfunction 

mouse endothelial cells were exposed to PCB 104 in vitro and cellular levels of oxidative 

stress, CYP1A1 activity, PARP activity and NADPH were measured.

  PCB 104 between 1 and 10 µM dose and time dependently increased endothelial 

cell oxidative stress (Fig 3a) as measured by NBT reduction.  This increased oxidative 

stress following PCB 104 exposure is likely mediated by increased CYP1A1 activity.  

Exposure of endothelial cells to PCB 104 dose- and time-dependently increased CYP1A1 

activity as measured by EROD activity (Fig 3b).  Although 2h exposure to 20 µM PCB 104 

increases both oxidative stress and EROD activity (Fig 3a and b), there is, however, a 

significant decrease in the measured oxidative stress and EROD activity after 4 or 6 h 

exposure at this PCB 104 concentration that may indicate that at this very high 

concentration of PCB 104 either CYP1A1 becomes inhibited or the endothelial cells 

themselves are becoming metabolically dysfunctional. 

PCB 104 exposure dose-and time-dependently increased PARP activity as measured 

by NAD incorporation (Fig 3c).  As NAD is the substrate for PARP, depletion of NAD 

related high-energy phosphate levels following PARP overactivation has been identified as 

a mechanism of cellular dysfunction, particularly in endothelial cells where NADPH is an 

essential co-factor for nitric oxide synthase and subsequent nitric oxide production.  PCB 

104 exposure significantly depleted endothelial cell NADPH levels (Fig 3d) an effect that 

appears to be linked to PARP activity as the higher the PARP activity the more cellular 

NADPH is depleted (Fig 3c and d).
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3.3  Inhibition of PARP and CYP1A1 protects against PCB-104-mediated endothelial cell 

dysfunction.

To determine whether PCB 104-mediated activation of CYP1A1 and PARP 

mediates the observed endothelial cell dysfunction we pharmacologically inhibited 

CYP1A1 with -naphthoflavone [28] and PARP with PJ 34 [29].

Exposure to 10 µM PCB 104 for 4h significantly impaired endothelial cell function 

as assessed by acetylcholine-mediated vascular ring relaxation (Fig 4) and increased the 

EC50 for acetylcholine from 1.2x10-7±0.2x10-7M to 5.0x10-7±1x10-7M (p<0.05).  Inhibition 

of PARP with PJ-34 (3 µM) or CYP1A1 activity with -naphthoflavone (0.3 µM) 

completely protected against the PCB 104-mediated endothelial cell dysfunction (Fig 4) as 

well as returning the EC50 for acetylcholine to 0.6x10-7±0.2x10-7M and 0.8x10-7±0.3x10-

7M respectively (p<0.05 vs. PCB 104 10 µM).  Neither PJ-34 nor -naphthoflavone alone 

had any effect on vascular ring contraction induced by phenylephrine or relaxation by 

acetylcholine (data not shown).

To confirm that both these pharmacological inhibitors were affecting the cellular 

activities of PARP and CYP1A1 we carried out in vitro experiments exposing endothelial 

cells to 10 µM PCB 104 for 4h and measuring oxidative stress, CYP1A1 activity, PARP 

activity and NADPH depletion.

PCB 104 exposure significantly increased endothelial cell oxidative stress (Fig 5a), 

CYP1A1 activity (Fig 5b), PARP activity (Fig 5c) and NADPH depletion (Fig 5d).  The 

CYP1A1 inhibitor -naphthoflavone reduced PCB 104-mediated increased EROD activity 

to levels observed in control cells (Fig 5b) indicating that this concentration of -

naphthoflavone, 0.3 µM, was an effective inhibitory concentration.  Inhibiting PCB 104-
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induced CYP1A1 activity also prevented the increased cellular oxidative stress (Fig 5a), 

PARP activity (Fig 5c) and NADPH depletion (Fig 5d).  

The PARP inhibitor PJ-34 not only reduced the PCB 104-mediated increase in 

PARP activity but also reduced the significantly reduced basal activity observed in control 

cells (Fig 5c).  Inhibition of PARP also significantly attenuated the NADPH depletion (Fig 

5d) following PCB 104 exposure and in control cells even increased NADPH levels above 

that seen in untreated cells (Fig 5d).  However, inhibition of PARP had no effect on either 

cellular oxidative stress or CYP1A1 activity (Fig 5a and b).  Similar results were seen with 

endothelial cells isolated from the PARP-1 deficient mouse where PCB-104 exposure 

increased cellular oxidative stress and CYP1A1 activity levels (Fig 5a and b) but failed to 

dramatically affect PARP activity or NADPH depletion (Fig 5c and d).  However, in 

PARP-1-/- cells there was a minor increase in PARP activity and NADPH depletion that 

may reflect activation of PARP-2 or other PARP isoforms, which are also present in 

mammalian nuclei though at much lower levels than PARP-1.  This is not observed in PJ-

34 treated endothelial cells as PJ-34 is a global PARP inhibitor and inhibits not only PARP-

1 but also PARP-2.

3.4  PCB 104-mediated loss of cell viability is prevented by inhibition of CYP1A1 and 

PARP.

Exposure to PCBs has been shown to cause loss of endothelial cell viability and 

increase apoptosis.  Endothelial cell viability following 48h exposure to PCB 104 was 

measured using the MTT assay and found to be dose dependently reduced (Fig 6).  

Exposure to PCB 104 for 24h also causes loss of endothelial cell viability but only at 10 
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and 20 µM (data not shown).  This loss of cell viability following PCB 104 exposure was 

prevented by inhibition of CYP1A1, with -naphthoflavone, or PARP, either 

pharmacologically with PJ-34 or in PARP-1 gene deficient cells (Fig 6).  
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4.  Discussion

The data presented here demonstrates for the first time that exposure of endothelial 

cells to the environmental contaminant PCB 104, for a relatively short exposure period, 

causes direct cellular dysfunction.  Serum concentrations of PCBs can reach approximately 

3 µM in people exposed to these toxicants [30, 31] and possibly 10-20 µM in the 

extracellular space [32], it is exposure to these concentrations of PCB 104 which caused 

direct endothelial cell dysfunction in our study.  PCB-mediated activation of the 

cytochrome P450 enzyme CYP1A1 and subsequently increased cellular oxidative stress 

appears to be the mediator of PCB-induced endothelial cell dysfunction with overactivation 

of the DNA repair enzyme PARP and subsequent depletion of cellular NADPH being the 

mechanism of dysfunction.  Pharmacological inhibition of CYP1A1 or PARP protected 

endothelial cell function from PCB 104-mediated impairment.  Previous work has 

established long-term exposure to PCBs as having pro-inflammatory effects on endothelial 

cells increasing the risk of developing atherosclerosis, our data indicates that PCBs cause 

direct endothelial cell dysfunction in a much shorter time period increasing the risk of 

developing hypertension and cardiovascular disease.

PCBs have previously been shown to increase reactive oxygen species in human 

breast cancer cells and cause PARP activation [33].  When PARP becomes activated, using 

NAD+ as a substrate, it catalyzes the building of homopolymers of adenosine diphosphate 

ribose units.   NAD+ levels regulate an array of vital cellular processes, NAD+ serves as a

cofactor for glycolysis and the tricarboxylic acid cycle, thus providing ATP for most 

cellular processes, NAD+ also serves as the precursor for NADP, which acts as a cofactor 

for the pentose shunt, for bioreductive synthetic pathways, and is involved in the 
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maintenance of glutathione (GSH) pools [34].   PCB 104 increased PARP activity in 

endothelial cells and the resultant effects both on the metabolic pathways of the cell and 

anti-oxidant defence systems are likely to be the major mechanism by which these 

environmental contaminants cause endothelial cell dysfunction. Indeed, the cellular 

glutathione status has been previously shown to modulate PCB-mediated endothelial cell 

apoptosis [9] with PCB-exposure reducing endothelial cell glutathione levels and increasing 

cell death, the increased PARP activation by PCBs may account for the effect on cellular 

glutathione levels.

Activation of PARP in endothelial cells has been shown to impair relaxation of the 

blood vessel in response to vasodilators such as acetylcholine [17], an effect which appears 

to be mediated by a decrease in the levels of cellular high-energy phosphates and 

suppression of NAD and NADPH levels [18].  Endothelial cell-mediated control of blood 

pressure is via production of nitric oxide from nitric oxide synthase, an enzyme dependent 

on NADPH [35].  Depletion of cellular NADPH levels in endothelial cells exposed to PCB 

104 therefore is likely to result in a decreased production of nitric oxide from endothelial 

cells thus reducing vasodilatation and potentially increasing the risk of developing 

hypertension.   This disruption of endothelial cell regulation of blood pressure by PCB 104 

may account for the results observed in a recent study where high serum PCB levels in 

humans were positively associated with hypertension [16].  Impaired endothelial nitric 

oxide bioavailability and subsequent hypertension development is a significant risk factor 

in developing atherosclerosis [36].  Indeed endothelial cell regulation of blood pressure in 

the apolipoprotein E deficient mouse model of atherosclerosis, as assessed by endothelial 



Page 17 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

17

cell-mediated relaxation of thoracic aorta, has been shown to be significantly impaired [37, 

38], with function being restored by inhibition of PARP [39].

Previous studies have shown PCBs to have a pro-inflammatory and hence pro-

atherosclerotic effect on endothelial cells [5, 13] coupled with our data indicating PCB-

mediated PARP activation in endothelial cells leading to cell dysfunction and pre-disposing 

individuals to hypertension suggests PCB exposure poses a significant cardiovascular 

health problem. The pro-inflammatory effects of PCBs on endothelial cells include 

activation of stress kinases [9], increased transcription of NF-B [7], increased pro-

inflammatory cytokine production, increased cellular expression of adhesion molecules 

[10], disruption of cell barrier function [11], and increased apoptosis [12], are all effects 

which may ultimately be mediated by PCB-induced PARP activation.  PARP has been 

identified as having a role in atherosclerosis development [40, 41].  In animal models of 

atherosclerosis PARP inhibitors have been shown to be beneficial in reducing plaque size, 

increasing their stability and promoting their regression [42, 43].

The activation of transcription factors NF-B and AP-1, both upregulated in 

endothelial cells by PCBs [7] and saturated fatty acids [44], has been shown to be regulated 

by PARP [45, 46].  Inflammatory cytokine production, again observed in endothelial cells 

following PCBs and fatty acids [13, 44], can also be blocked by PARP inhibitors [29, 47].  

In diabetes [48] and atherosclerosis [49] PARP activation has been shown to mediate 

endothelial cell expression of adhesion molecules such as ICAM, P-selectin and VCAM, all 

of which have been implicated in the development of atherosclerosis [50] and can be 

upregulated in endothelial cells following PCB exposure [10].  PARP inhibition has also 

been shown to protect endothelial cell barrier function [51], which again can be damaged 
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following PCB exposure  [11].  Therefore, there is a strong suggestion that PCB-mediated 

PARP activation in endothelial cells may account for the pro-atherosclerotic effects of these 

environmental contaminants.

Based on the results presented here we conclude that PCB exposure leads to 

increased oxidative stress and activation of PARP in vascular endothelial cells and 

impairment of vasorelaxation predisposing individuals to development of hypertension.  

This vascular function impairment coupled with the previously reported pro-inflammatory

effects of PCBs on endothelial cells is likely the cause of the increased incidence of 

cardiovascular disease in populations exposed to environmental contaminants such as 

PCBs.
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Figure legends

Figure 1. Structure of 2,2',4,6,6'-pentachlorobiphenyl (PCB 104), an example of a 

highly ortho-chlorinated nonplanar PCB.

Figure 2. Exposure of ex vivo aortic rings to PCB 104 for 4h (A) or 6h (B) dose 

dependently impairs the acetylcholine-relaxant response.  Thoracic aortic rings obtained 

from male Sprague-Dawley rats were exposed to 1, 3, 10 or 20 µM PCB 104 for 2, 4 or 6h.  

Following PCB exposure acetylcholine-induced endothelium-dependent relaxation was 

determined.  Data is expressed as mean±SEM from 6 animals;  * p<0.05, **p<0.01 vs. 

untreated rings.

Figure 3. In vitro exposure of endothelial cells to PCB 104 dose- and time-

dependently increased cellular levels of oxidative stress (A), CYP1A1 activity (B), and 

PARP activity (C) while depleting NADPH levels (D).  Mouse endothelial cells were 

exposed to PCB 104 (1, 3, 10 or 20 µM) for 2, 4 or 6h prior to the measurements being 

taken.  Data is expressed as mean±SEM from 4 separate experiments with 3-6 replicates 

per experiment;  * p<0.01 vs. untreated cells.

Figure 4. PCB 104-mediated impairment of endothelium-dependent aortic ring 

relaxation is prevented by pharmacological inhibition of CYP1A1 or PARP.  Exposure 

of thoracic aortic rings to 10 µM PCB 104 for 4h significantly impaired acetylcholine-

induced endothelium-dependent relaxation, an effect prevented by simultaneous incubation 
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of the rings with the CYP 1A1 inhibitor -naphthoflavone (NP, 0.3 µM) or the PARP 

inhibitor PJ-34 (3 µM).  Data is expressed as mean±SEM from 6 animals;  **p<0.01 vs. 

untreated rings, ††p<0.01 vs. PCB 104 treated rings.

Figure 5. Effect of CYP1A1 and PARP inhibition on the PCB 104-mediated 

increase in endothelial cell oxidative stress (A), CYP1A1 activity (B), PARP activity 

(C) and NADPH depletion (D).  Inhibition of CYP1A1 with -naphthoflavone (0.3 µM) 

prevents the increase in oxidative stress, CYP1A1 and PARP activity, plus the NADPH 

depletion observed following 4h exposure to PCB 104 (10 µM).  Inhibition of PARP either 

pharmacologically with PJ-34 (3 µM) or via gene knockout had no effect on PCB-104-

mediated increase in oxidative stress or CYP1A1 activity but did inhibit the increase in 

PARP activity and NADPH depletion.  Data is expressed as mean±SEM from 4 separate 

experiments with 3-6 replicates per experiment;  *p<0.05, ** p<0.01 vs. untreated cells 

†p<0.01 vs. PCB 104 treated cells.

Figure 6. Exposure of endothelial cells to PCB 104 dose-dependently reduced cell 

viability, an effect attenuated by inhibition of CYP1A1 and PARP either 

pharmacologically or through gene deletion.  Data is expressed as mean±SEM from 4 

separate experiments with 3-6 replicates per experiment;  *p<0.05, ** p<0.01 vs. untreated 

cells †p<0.01 vs. PCB 104 treated cells.
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Exposure time 4h 6h

Control 1.1x10-7±0.2x10-7 M 0.8x10-7±0.2±10-7 M

PCB 104 3 µM 2.0x10-7±0.6x10-7 M* 5.6x10-7±3.3x10-7 M*

PCB 104 10 µM 4.1x10-7±1.2x10-7 M* 8.3x10-7±3.7x10-7 M*

PCB 104 20 µM 9.4x10-7±1x10-7 M* 15.4x10-7±7.7±10-7 M*

Table 1 Exposure of ex vivo aortic rings to PCB 104 for 4h or 6h  increases the EC50 
of acetylcholine.  Thoracic aortic rings obtained from male Sprague-Dawley rats were 
exposed to 3, 10 or 20 µM PCB 104 for 4 or 6h.  Following PCB exposure acetylcholine-
induced endothelium-dependent relaxation was determined and EC 50 measured.  Data is 
expressed as mean±SEM from 6 animals;  * p<0.05 vs. untreated rings.

Table
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Figure

http://ees.elsevier.com/bcp/download.aspx?id=142933&guid=78dea0dd-514f-411e-a3d0-e9e6a96bb624&scheme=1
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Figure

http://ees.elsevier.com/bcp/download.aspx?id=142934&guid=b7e5e6dc-123c-47f3-97e2-1c2aad6dca6d&scheme=1
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Figure

http://ees.elsevier.com/bcp/download.aspx?id=142935&guid=b49fbe09-10b5-4a1e-b33f-07f21cd7b057&scheme=1
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Figure

http://ees.elsevier.com/bcp/download.aspx?id=142936&guid=1f8bc86a-99df-45f8-85ed-57f9989b73f0&scheme=1
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Figure
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